Entomopathogenic fungi (EPF), such as Metarhizium spp. and Beauveria bassiana, are widely used in the biocontrol of many species of insect pests. Tobacco is an economically important crop in Guangdong Province of China, but insect pests, such as Spodoptera litura Fabricius, are a major threat to production. Here, we tested the persistence of five Metarhizium species and B. bassiana in glasshouse pot and field experiments and assessed their long-term efficacy against S. litura. We found that the colony forming units of these EPF decreased by c. 93% by 180 d in the pot soils declines tended to be exponential. In contrast, declines of c. 99% in field soils were more gradual (linear), occurring throughout the 360 d experiment. Metarhizium anisopliae Ma09 had the longest estimated half-life of 41 d, while that of B. bassiana was the shortest (9 d). Fungal density in the upper soil layer (0-5 cm) decreased rapidly and was undetectable after 150 d, whereas density was consistently greatest in the mid-layer (10-15 cm). At 180 d after inoculation, strain Ma09 elicited highest rates of mortality in S. litura. We conclude that soils in Guangdong Province are all suitable for the use of Metarhizium as a biocontrol agent, where M. anisopliae Ma09 offers greatest residual activity.
Tobacco (Nicotiana tabacum) is an economically important crop in China, where pests and plant diseases pose serious threats to its production and quality. Therefore, efficient control strategies are urgently needed. Mole cricket and click beetle species are among the primary pests of tobacco; the cutworm, Spodoptera litura Fabricius, is one of the most damaging generalist agricultural pests in China, India, and Japan, causing substantial economic losses to a wide range of field crops (Anand et al. 2009 , Singh et al. 2015 , Selin-Rani et al. 2016 , including tobacco cultivated in China (Kuang et al. 2015) .
Soil-dwelling entomopathogenic fungi (EPF), such as Metarhizium spp. (Hypocreales: Clavicipitaceae), are known to have high levels of persistence in the soil and may provide effective biocontrol of pest insects. More recent studies on survival of Metarhizium in soils have focused on a diverse range of field crops, including sugar beet (Pingel et al. 1999) , cabbage (Hu and St Leger 2002) , maize (César et al. 2013) , sugar cane (Milner et al. 2003 , Patricia et al. 2012 , strawberry (Klingen et al. 2015) , peanut (Liu et al. 2016) , and alfalfa (Inglis et al. 1993) . The EPF Beauveria bassiana has also been shown to be partially effective in insect pest biocontrol; for example, Boyle and Cutler (2012) found that most conidia on insects lose viability within 2 d, but conidia stored in the soil under the same conditions on the insects remained viable.
Colony forming unit (CFU) is used to estimate the quantity of a fungus in a sample, and changes in CFUs varies among crop soils, and between Metarhizium and Beauveria. For example, levels of CFU that used as a measure of persistence are greater for B. bassiana isolates than for M. anisopliae in forest soils (Parker et al. 2015) . EPF survival in soils is influenced by various factors, including ultraviolet (UV) light in superficial soils (Doberski 1981 , Flint et al. 2002 , Thompson et al. 2006 , fertilizers and other chemical inputs (Bruck 2009 , Shapiro-Ilan et al. 2013 , processing methods (Boetel et al. 2012 , Hummel et al. 2015 , and soils and crop types (Vänninen et al. 2000 , Kessler et al. 2004 , Quesada-Moraga et al. 2007 , Shapiro-Ilan et al. 2012 . Temperature and humidity have been shown to affect Metarhizium (Lingg and Donaldson 1981 , Raid and Cherry 1992 , Krueger and Roberts 1997 , Ekesi et al. 1999 , Fargues and Luz 2000 . Soil characteristics can also affect M. anisopliae survival (Studdert and Kaya 1990) , as can the presence of susceptible insect hosts in the soil (Pilz et al. 2011) . Metarhizium anisopliae abundance can be positively associated with application of organic fertilizer, nitrogen concentration, and tillage (Clifton et al. 2015) . Pesticide and manure applications could affect the natural capacity and fungal adaptability (Nong et al. 2015) . The organically farmed soil might be a more suitable habitat for EPF (Klingen et al. 2002) .
Here, we studied the persistence and efficacy of Metarhiziums against S. litura larvae and the persistence of Metarhiziums and B. bassiana in soils used for tobacco cultivation in Guangdong Province, China, to identify options for biocontrol of pests in tobacco fields.
Materials and Methods

Field Sites
Field trials were conducted in three tobacco fields: Wuhua, Nanxiong, and Ruyuan. These fields have been planted with tobacco for the preceding 20 yr, using conventional tillage, fertilizers, and chemical pest management practices, with no use of biological agents. They are located in the eastern, northern, and northwestern parts of Guangdong Province, China, respectively. Nanxiong (25°10ʹ N, 114°29ʹ E) had loamy paddy soils with a pH of 8.0-8.4 and high levels of potassium. Ruyuan (24°59ʹ N, 113°9ʹ E) had red calcareous, loam soils with a pH of 8.2-8.3. Wuhua (23°38ʹ N, 115°43ʹ E) had sandy loam paddy soils with a pH of 5.7-5.8. All these field sites feature a subtropical oceanic monsoon climate.
Fungal Strains and Production of Conidia
Potted soil experiments were conducted using six EPF species originally obtained either directly from soil or by baiting with insects (Table 1) . These strains were supplied by Guangdong Academy of Forestry, Guangdong Provincial Key Laboratory of Biocontrol for Forest Diseases and Pests. Metarhizium anisopliae (Ma09) was also evaluated in a field experiment ( Table 1) . All fungi showed high virulence against Solenopsis invicta (Hymenoptera: Formicidae) (Qiu et al. 2016) , S. litura, Ceracris kiangsu (Orthoptera: Arcypteridae), and Odontotermes formosanus (Isoptera: Termitidae) in a previous study (unpublished data). The mean mortalities of the larvae of three pests in all isolates were >75% by spraying methods. We used liquid-solid double-phase fermentation to culture the EPF.
To obtain conidial suspensions, conidia were scraped from Petri dish cultures grown on potato dextrose agar and diluted to 10 7 conidia/ ml per with 0.05% aq. Tween-80. Then, 10 ml of conidial suspension was poured into a 1,000-ml flask with 600-ml fermentation medium (20 g/liter peptone, 10 g/liter rice flour, 20 g/liter cane sugar, 0.5 g/ liter KH 2 PO 4 , and 0.3 g/liter MgSO 4 ) and incubated at 180 rpm and 26 ± 1°C. After 3 d, 600-ml fermentation medium was inoculated into plastic bag (Patent No: CN200964416) containing parboiled sterile rice 2,000 g. After 20 d of incubation at 26 ± 1°C and 70% relative humidity (RH), the rice was removed and dried under 5°C filtered air in a drying chamber. Then, the dried rice was passed over vibrating sieves to obtain conidia; conidia concentrations were 5 × 10 9 conidia/g.
EPF Persistence in Pots
The potted soil experiment was conducted at the Nanxiong Tobacco Science Research Institute of Guangdong Province, China, from February 2015 to February 2016 using soil taken from the experimental farm of the Nanxiong Tobacco Science Research Institute of Guangdong Province. Soil was air-dried in the sun for 1 d and verified for the absence of B. bassiana and M. anisopliae. The soil was brought back to the laboratory in a clean centrifuge tube and was suspended in 100 ml of sterile water and 0.05% aq. Tween-80. The suspension was spread-plated onto Petri dishes containing potato dextrose agar medium + cycloheximide (30 μg/ml) (Patricia et al. 2012) . Cultures were incubated at 26°C for 5-7 d to observe the growth of B. bassiana and M. anisopliae. And we did not detect any B. bassiana and M. anisopliae in soil.
Conidia of the six EPF strains were each mixed thoroughly with each soil, respectively, to give a final concentrations of 10 7 conidia/g of soil, and one tobacco seedlings (about 10-cm high) was transplanted at the center of each 35-cm diameter × 35-cm high pot, with 30-cm deep soil. Tobacco seedlings in untreated soil were used as a control. Five replicate pots were used per EPF treatment and control; a total of 35 pots were used in this experiment. The pots were maintained in a glasshouse at 26 ± 1°C and 50-70% RH, and watering and weeding followed standard farm practices. Using a cylindrical soil sampler, with an inner diameter of 3.5 cm, soil samples were taken from the pots prior to transplant, and at 10-d intervals for the first 2 mo, and monthly thereafter. Samples from the Ma09 treatment were taken from depths of 0-5, 10-15, and 30 cm at six equidistant points arranged around an inner circle and the subsamples from each depth were pooled to form three composition samples of ~20 g (Fig. 1a ). Samples from the other treatments were taken from a depth of 10-15 cm. Soil samples were placed in new plastic bags and stored at 4°C prior to quantitative CFU analysis.
Persistence of EPF in Field Plots
Metarhizium anisopliae 09 (Ma09) has previously been used as a biological control agent for several insect pest species management, so we tested its persistence in a field experiment in the three fields. Five replicates of eight plots that each measured 50 × 40 cm were arranged in a randomized complete block design, covering an area of 10 × 0.8 m (Fig. 1b ). In each plot, a hole was dug (diameter 40 cm, depth 30 cm), and the soil was mixed with Ma09 conidia to give a concentration of 10 7 conidia/g soil before it was placed back in the hole and then one tobacco seedling was transplanted in the center of the hole. In a neighboring field, 10 untreated plots were sown, each with one tobacco seedling, as a control. In this experiment, sampling was performed in Wuhua from February to December, 2015 (N = 11), but ran from March to January of the next year at the other two field sites (N = 11), because of different growing season at of the three study sites. Rhizosphere soil was sampled from a depth of 15 cm using cylindrical puncher with an internal diameter of 3.5 cm (César et al. 2013) . Care was taken to avoid damaging the plant roots. The puncher was rinsed with ethanol and dried, prior to sampling each plot.
[AU: Please check if the edit made to the sentence retain the intended meaning.] Eight subsamples from each plot were mixed together in a plastic bag as one composite sample. All soil samples were placed individually in new plastic bags and stored at 4°C prior to quantitative CFU analysis. The temperature and soil moisture of three sites were monitored. Temperature was measured daily using an angle geothermometer inserted into a depth of 15 cm, respectively. Soil moisture content was tested every sampling time. Soil samples were weighed, dried at 105°C for 6 h, and reweighed to establish soil moisture content. Soil moisture content was defined as follows:
is the weight of soil before drying and M a is the weight after drying.
Quantification of CFUs
Soil samples were halved, where one was for soil moisture content described earlier. The other half of the sample was used to determine the number of CFUs remaining in the soil, for each treatment. Soil (10 g) was suspended in 100 ml of sterile water and 0.05% aq. Tween-80 and shaken for 30 min on a reciprocal shaker (200 rpm). Following serial dilution, five replicates of 500 µl aliquots from each dilution were spread-plated onto Petri dishes containing selective media (Ekesi et al. 2003 , Ormond et al. 2010 ) that comprised 40 g/liter glucose, 10 g/liter peptone, 15 g/liter agar, 250 mg/liter cycloheximide, and 200 mg/liter chloramphenicol (Doberski and Tribe 1980) . Cultures were incubated at 26°C for 5-7 d and colonies were quantified to determine the number of CFU/g of dry soil. The minimum detection level was 10 conidia/g of soil (Shapiro-Ilan et al. 2013 ).
Efficacy of EPF Against S. litura Pupae
We tested the efficacy against S. litura pupae of the six EPF species using a slight modification of the method reported by Nguyen et al. (2007) and Anand et al. (2009) . Soil that tested positive for EPF persistence at the end of the pot experiment (180 d) was placed in one plastic box (15 × 15 × 10 cm) per EPF treatment, to a depth of 2 cm, and 15 × S. litura pupae were released into each box and covered with a 2-cm layer of the pot soil. For the control, 30 pupae were placed in conidia-free soil. In total, 150-g soil was used per box. The boxes were placed in a dark, unlit incubator, and the soil was maintained at 28 ± 2°C with 80% RH. Nonemerged pupae were considered to be dead, whereas emerged adults were transferred to paper cylinders (11-cm diameter, 20-cm high) and fed 10% honey water administered on cotton buds until oviposition 2 wk later. Nonemerged pupae were transferred to a Petri dish containing a piece of moistened cotton and placed in a climate chamber set at 26°C with 70% RH on a photoperiod of 16:8 (L:D) h to promote EPF outgrowth and sporulation.
Conidial Production
Cultures were obtained from soil from Nanxiongusing plates from which CFUs were quantified and incubated at 26 ± 1°C for 9-11 d. Then, three colonies from each Petri dish were removed using an 8-mm cylindrical punch and placed in a large test tube containing 10 ml of sterile water and 0.05% aq. Tween-80 that was oscillated for 10 min to allow dispersal of conidia. The spore suspension was diluted to the appropriate concentration, and the number of spores was counted under a microscope using a hemocytometer to calculate conidial production. 
Data Analysis
Since Metarhizium CFUs were not detected in the control, it was not included in the analysis. CFU was calculated as the number of colonies per gram dry soil. Treatment effects on mean temporal CFU density were analyzed using one-way analysis of variance (ANOVA), and Duncan's new multiple range method tested for differences among treatment means. Relationships between decline rate of CFUs and time were tested using regression analysis, where decline rate was defined as
CFUi -CFUt/CFUi
where CFUi is the initial CFU, and CFUt is the CFU at sampling time t.
Half-life of EPF persistence in the pot soils was calculated from the regression equation for decline rate with time. Spodoptera litura emergence rate (number of adults/15) was corrected using Abbott's formula and then transformed by arcsine before analysis of treatment differences using one-way ANOVA. Statistics were computed in SPSS 20.0.
Results
Persistence of EPF in Pot Soils
CFUs of all the EPF was ~10 7 and after 10 d, CFUs of Ml30 and Mf40 had halved, whereas CFUs of the other EPF remained at 10 7 (Table 2 ). In general, there were no significant declines in CFUs up to 50 d, but after that time, rates of decline were variable, but steady, until the end of the experiment at 180 d, when final CFUs of the EPF were <7% of the initial densities.
Relationship Between CFU and Time in Pot Soils
We found that CFU density and decay rates for each of the six EPF in pot soils was negatively and positively correlated with time, respectively (Tables 3 and 4) , and half-lives were generally longer for the Metarhizium species, where Ma09 had the longest half-life (41 d); the shortest half-life was for B. bassiana (9 d; Table 4 ).
Temporal Effects on the Spatial Distribution of Ma09 in Pot Soils
The CFUs of Ma09 at three depths showed significant differences with time. (F upper (8, 39) = 21.98, P < 0.0001; F mid (11, 54) = 10.26, P < 0.0001; F lower (11, 54) = 8.71, P < 0.0001). In general, the CFUs of Ma09 decreased with time at the three soil depths (Table 5) , where average CFU density was 0.06 × 10 5 , 37.30 × 10 5 , and 4.87 × 10 5 conidia/g of soil in the upper, mid, and lower depths at 120 d, respectively, and showed significant differences (F (3, 14) = 7.11, P < 0.0001).
Ma09 was not detected in the surface layer at 150 d and density of Ma09 CFU had decreased to the 10 2 -level at lower depths by 360 d.
Efficacy of EPF Against S. litura Pupae
The densities of six EPF in the pot soils differed after 180 d, where they were 11.28 × 10 5 , 9.65 × 10 5 , 2.60 × 10 5 , 7.67 × 10 5 , 3.61 × 10 5 , and 1.15 × 10 5 conidia/g of soil for Ma09, Ml30, Mf40, Mg20, Mac985, and Bb01, respectively. There were differences in S. litura pupae emergence rates among the EPF (F (7, 34) = 73.06, P < 0.0001), where mean emergence was lowest in the Ma09, Ml30, and Mac985 treatments (17.33, 26.67, and 17.33%, respectively) and highest in Bb01 (Fig. 2) . Fungal outgrowth and sporulation was evident in all pupae which failed to emerge to adults.
CFU Quantification of Ma09 in the Field Plots
Figure 3a-c showed Ma09 density in the field soils of the experiment at three study sites. During first 4 mo, conidial concentrations decreased from 11.9 × 10 6 to 1.39 × 10 6 in Wuhua, and the daily temperature ranged from 13 to 28.50°C (Fig. 3a) , the soil moisture content was from 21.63 to 25.93 % (Fig. 4a ). Conidial concentrations decreased from 13.4 × 10 6 to 1.43 × 10 6 , in Nanxiong, the daily temperature ranged from 11 to 30°C (Fig. 3b) , and the soil moisture content was from 13.37 to 21.0% (Fig. 4b) . In Ruyuan, conidial concentrations decreased from 12.8 × 10 6 to 1.31 × 10 6 , the daily temperature ranged from 7 to 26.5°C (Fig. 3c) , and the soil moisture content was from was 17.45 to 22.3% (Fig. 4c) . The initial decline of the fungus was very rapid. And then after, the number of Ma09 in soil kept stable and persisted at a low density (about 10 4 CFUs/g level) during the next 3 mo. During the last month of the experiment, CFUs were 98% lower than that of in first month. There was a significant reduction in the abundance of Ma09 in all the experiment at three sites, respectively (F Wuhua (11, 54) = 11.36, P < 0.001; F Nanxiong (11, 54) = 17.14, P < 0.001; F Ruyuan (11, 54) = 21.56; P < 0.001).
Decay Rates of Ma09 at the Three Study Sites
There were rapid rates of decay of Ma09 CFUs in the first 90 d at all three study sites and declines continued to 270 d, but at much lower rates (Fig. 5) . By 270 d, Ma09 CFU decay rates had reached 98.01, 98.18, and 99.32% in Ruyuan, Nanxiong, and Wuhua, respectively, and there are no differences among the three sites (F (3, 14) = 1.979, P = 0.181).
Conidial Production
There were temporal differences in spore production (Table 6) , where sporulation remained at a constant rate through the year.
Discussion
We found that the density of Metarhizium in pot and field soils and B. bassiana in pot soils generally declined throughout the experiment, with minor differences among the six EPF strains. We also estimated half-life survivability of the Beauveria and Metarhizium species and found that the shortest half-life was for B. bassiana (Bb01) at 9 d, whereas that of four Metarhizium species was >30 d and greatest in Ma09 (42 d). The shortest estimated half-life of the Metarhizium species (Mg20 at 14 d) was slightly longer than that of Bb01. Our data indicated that there may be differences in decay rate between the pot and field experiments, since more rapid declines in CFUs occurred in the first 4 mo of the field experiments, whereas rates of decline in the pot experiment was more linear. Perhaps, these differences are related to fluctuating environmental conditions in the field compared with the stable conditions in the glasshouse. The results showed that the fungus was viable in the field soil during the follow-up period (40 wk). Its population fluctuated markedly; this fluctuated phenomenon was also mentioned in the research of Guerra (2009) . Previous studies have demonstrated that persistence of many EPF, such as Metarhizium (Stephan 2012) , B. bassiana (Ormond et al. 2010) , Lecanicillium lecanii (Xie et al. 2015) , Nomuraea rileyi (Ignoffo and Garcia 1985) , and Pandora neoaphidis (Baverstock et al. 2008 , Fournier et al. 2010 , is sensitive to soil parameters. Booth and Shanks (1998) reported that Metarhizium mycelia were maintained at high levels in orchard soils for at least 40 wk and survived in a corn field for at least 15 mo, while Inglis et al. (1993) found that a rapid decrease in conidial populations within the first 20 d, but thereafter, the rates of population decline abated. The initial decrease in conidial numbers did not appear to be related to precipitation. Spatial distribution of EPF is known to be an important factor in the incidence of epizootics in insects. Activity of Metarhizium in the upper layer of soil has been shown to be restricted by long-term UV irradiation, despite good air mobility (Pilz et al. 2011) , whereas the mid layer, characterized by high air mobility and moderate water content, is exposed to lower levels of UV irradiation that improve conditions for Metarhizium conidia survival. Although UV irradiation is much reduced in the lower soil layers, poorer air mobility, higher water content, and lower temperatures create conditions that could hamper survival of Metarhizium conidia (Liu et al. 2016) . By the end of this experiment, at 360 d, we found the greatest density of Metarhizium conidia (10 5 /g of soil) in the mid-layer (10-15 cm), but none was detected in the upper layer (0-5 cm), and low densities (10 2 /g of soil) were recorded from the lower level (30 cm). Different depths showed significant differences at 360 d (F (3, 8) = 1.68, P < 0.0001). Most soil insect pests tend to live in the 10-to 25-cm layer of soil and our data showed that Metarhizium spp., which are often used to control soil pests, are more likely to have greater levels of persistence in this target zone.
Another interest in the present study was to investigate the viability of Metarhizium conidia after a period of persistence in soil. The efficacy of EPF against S. litura and the EPF spore production showed no difference from the original isolate. Kessler et al. (2004) used B. brongniarti to control European cockchafer, Melolontha melolontha (Coleoptera: Scarabaeidae), and found CFUs in soils without hosts decreased by 90% after 16 mo. Survival time of B. bassiana was prolonged significantly if host insects were added into the soils. Our data also showed that long-time survival of Metarhizium (Ma09) in soil that did not reduce its efficacy against the pupae of a target pest species in tobacco, S. litura. He et al. (2009) suggested that EPF spore production does not decrease with time; however, we think the Ma09 spore production in our field experiments was sensitive to the seasons. We found that a small increase in CFUs in June began to decrease in July, which likely derived from a decrease in spore production after June. Spore production of Ma09 seemed to be related to season, since it reduced in the summer and increased again in autumn (October). Given that Metarhizium continues to produce spores during cooler winter temperatures (c. 0°C), it appears to have a self-protecting mechanism under high temperatures; the nature of this mechanism remains unclear. Temperature affects germination, growth, spore production, and toxicity of EPF strains. For example, growth is positively related to temperature, and optimal ranges of temperature and RH for spore germination are generally believed to be 25-30°C and 95-100%, respectively (James et al. 1998 , Devi et al. 2005 . Nevertheless, B. bassiana and Metarhizium infect Scolytus under 51-100% RH (Doberski 1981 ) and colony growth rates of B. bassiana colony in soil were greatest at 24°C (Studdert and Kaya 1990) . In this experiment, the trial period was up to 11 mo, covering a wide range of temperatures. The lowest daily temperature appeared in January 2016 at Ruyuan (c . 1°C, Fig 3c) , and the highest daily temperature was 31.5°C at three sites (Fig. 3a-c) . The first growth of CFUs of Metarhizium were at the fourth month and the temperature at all three sites reached 30°C, but there were no any clear effects of temperature on spore concentration in our study. Of note during our experiment was the winter temperature in northern Guangdong Province that decreased to <0°C. Previous research in Shandong Province, China (Liu et al. 2016) , and the Ayr region of North Queensland, Australia (Milner et al. 2003) , has shown that 10% of conidial survive for 3-3.5 yr. In our study, following inoculation, Metarhizium could persist in Guangdong tobacco soil for at least 40 wk. Although winter temperatures in northern Guangdong Province were c. 0°C, we found evidence that Metarhizium survived these low temperatures, albeit at 1% of the initial densities. The soil moisture content was from 10.94 % (at Ruyuan in November, Fig. 4c ) to 25.93% (at Wuhua in May, Fig. 4a ). We did find that the SD of CFU was relatively small, when the general soil moisture content was about 15%, but when the soil moisture content exceeded 20% or was <12%, the SD tended to increase (Fig. 4a-c) . Our field experiment could not prove the relationship between the CFU of Ma09 and soil moisture content or soil temperature. But, our study demonstrated that the temperature and humidity conditions in Guangdong Province are suitable for the use of Metarhizium in soils. Soil type is known to affect survival of Metarhizium sp. and B. bassiana (Vänninen et al. 2000 , Kessler et al. 2004 , Quesada-Moraga et al. 2007 ). However, the three sites and soil types in our study did not appear to have much of a differing affect on EPF survival.
Overall, we found that persistence of Metarhizium species was greater than B. bassiana in the pot soils, and the persistence and efficacy of Ma09 were maintained in field trials. We suggest that Ma09 is a good potential biocontrol agent of S. litura in soils due to its high persistence and high virulence. Some factors that affect the survival of EPF in the soil, including application of chemical agents and agricultural practices, were not analyzed in this experiment, and we used pure spore powder rather than formulations. These factors, which may elicit differences in EPF survival, should be assessed in future studies, along with screening of highly virulent strains against tobacco pests for use in optimized formulations for biocontrol of insect pests. 
